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Despite their ecological and economic importance (e.g. Carss et al. 1990 ; Everard 47
Low oxygen levels during incubation can induce sublethal reductions of embryo 71 fitness such as altered hatch timing (Youngson et al. 2004; Roussel 2007) , increased 72 frequency of deformities (Alderdice et al. 1958 ) and reduced alevin length and mass at hatch 73 widespread. Therefore, it is useful to understand the impacts that such oxygen depletion 87 events might have on embryonic Atlantic salmon. 88
This study investigated the effect of three similar sequences of oxygen depletion 89 events, comparable to those caused by GW upwelling, on the post hatch fitness of Atlantic 90 salmon embryos. In particular, the effects of these sags on (1) hatch timing and (2) post-hatch 91 biometrics was observed. In addition, the importance of the timing of these sequences of 92 oxygen depletion events on the magnitude of each response was monitored. 93
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The bulk flow rate through each egg chamber was maintained at 150cm h -1 ± 3.6% to 141 ensure it was not a limiting factor in the oxygen supply to incubating embryos (Greig et al. 142
2007). 143
Oxygen levels were controlled in cylindrical oxygen modification chambers (height 144 140cm, diameter 50cm; Fig. 2 ) through the addition of nitrogen. Compressed nitrogen gas 145 was transported through flexible tubing of inner diameter 6mm (RS®) to acrylic flowmeters 146 (Omega®). The flowmeters allowed precise control over nitrogen flow, and thereby oxygen 147 levels. Nitrogen gas was transported from the flowmeters to a single fine-bubble air diffuser 148 (Track Lock®), one of which was placed into each oxygen modification chamber, including 149 the control. Oxygen modification chambers were totally sealed, with the exception of 150 perforations for the water inlets, nitrogen inflow and oxygen probes. This provided greater 151 control over oxygen levels by minimising atmospheric oxygen exchange. 152
Aandera® optodes recorded temperatures at 1 minute intervals throughout the 153 experiment and the mean over ten minutes was logged on a Delta-T data logger. Average 154 recorded temperature was 7.62ºC (min: 4.94ºC; max: 10.32ºC). The continuous monitoring of 155 temperature allowed precise calculation of the embryonic developmental stage in DDs 156 (Gorodilov 1996) . 157
Daily water quality checks were taken to measure ammonia, nitrate, nitrite, copper, 158 phosphate and pH levels. Readings were consistently below critical levels recorded for 159 incubating salmonids (Sear et al. 2016) . 160
Oxygen Treatments 161
Five different treatments were established to determine the relative impacts of various 162 oxygen regimes on post-hatch fitness of Atlantic salmon embryos (Table 1 ; Fig. 3 A -E).
A. Control. Oxygen saturation was maintained close to maximum. Mortality rates in this 166 treatment were used to calculate relative sensitivities to hypoxia of the other 167 treatments; 168 B. Chronic. After the period of acclimation (22DDs), oxygen levels were maintained at 169 approximately 60%. This enabled comparisons of the response of Atlantic salmon 170 embryos to prolonged mild hypoxia compared to treatments mimicking more extreme, 171 sporadic hypoxia induced by deoxygenated GW. 172
Three separate oxygen sag treatments (Table 1 sequence of 10 oxygen depletion events (pulse) lasting 24hrs. Each pulse was separated by a 177 period of oxygen recharge of the same duration. The mean number of pulses, pulse intensity 178 and pulse duration for the Atlantic salmon incubation period were calculated from the raw 179 datasets. These were used to configure the oxygen regimes for each sag treatment. Each sag 180 treatment was consistent in the number of pulses, pulse intensity and pulse duration but 181 differed only by the time that the sequence of pulses began (Table 1 ; Fig. 3 C-E). This was 182 altered to mimic annual variation in rainfall and therefore hyporheic exchange patterns. 183
Throughout each sag treatment, pulse intensity gradually increased to simulate the increasing 184 dominance of GW in the incubation zone (Table 1 ; Fig. 3 C -E). Sag treatment start times 185 are displayed in DDs to enable easier identification of embryonic development periods most 186 sensitive to low oxygen levels. Treatments C-E were the sag treatments and were categorised 187 as follows:E. Late Sags. Pulse sequence described above commencing at 317DDs. 191
Oxygen levels were continuously monitored at 1 minute intervals and logged to a Delta-T 192 logger every 10 minutes throughout the investigation using Aandera® 4175 optodes. 193
Re-oxygenation occurred between oxygen modification chambers and the egg chambers. 194
This was noted in preliminary investigations and was accounted for by reducing oxygen to 195 levels below the target values. The rate of re-oxygenation was proportional to the amount of 196 oxygen initially removed in the oxygen modification chamber and could be estimated using 197 the following equation: 198
Where: 199 ‫ܧ‬ = the estimated oxygen level in the egg chambers; 200 ‫ܯ‬ = the oxygen concentration in the oxygen modification chamber; 201 ‫ܥ‬ = the oxygen level in the control. 202
Daily spot checks within egg chambers were conducted using a handheld oxygen probe 203 (YSI® proODO) to ensure oxygen concentrations were close to the target values described in 204 table 1 and the estimate calculated using equation 1. Oxygen levels in the egg chambers were 205 within 2.7% (min: 0%; max: 12.34%) of estimated values on average with greater fluctuation 206 observed between egg chambers for the lower oxygen treatments (Fig. 3 C -E) . 207
Measurement of sublethal effects 208
Daily checks of the presence of hatched alevin were conducted. To increase data resolution, 209 the frequency of these checks was increased to twice daily during the period of peak hatching 210 (434DDs onwards). The number of hatched alevin at each sampling time was recorded. All 211 hatched alevin were immediately taken from the system and euthanised using 2-212 phenoxyethanol solution and preserved in 4% formalin solution (Burke 2011). 213
To sample post hatch biometrics, alevin were removed from the formalin and 214 thoroughly rinsed in deionised water. Initial observations were conducted to detect the 215 presence of developmental abnormalities. These were present in less than 0.4% of sampled 216 individuals and their frequency did not vary among treatments, so they were not included in 217 data analysis. 218
The fork length of a sample of wet alevin from each treatment was measured using a 219
Nikon E100 microscope at 50x magnification. To account for errors, alevin were re-measured 220 and differences were <0.1mm. 221
Alevin were then oven-dried at 60°C for 48hrs (Rombough 1994 ) and measured for 222 total mass (yolk sac plus body). The yolk sac was subsequently detached and the body was 223 weighed to determine its contribution to total mass. All mass measurements were conducted 224 on a Mettler Toledo AB204-5 balance accurate to 0.1µg. 225
From the completion of dehydration to measurements of alevin mass, there was the 226 potential for rehydration of the alevin from atmospheric moisture. To determine whether this 227 resulted in a significant increase in mass, a small sample of alevin of each 228 treatment/population group was measured immediately after dehydration and subsequently at 229 2-hour intervals over a total period of eight hours. Over this time, the total combined mass 230 increased by 0.77%. To ensure that this effect was minimised, all samples were measured 231 within two hours of removal from the dehydrator. 232
The developmental state of alevin in newly hatched alevin was measured by counting 233 the number of caudal fin rays (CFRs) present (Gorodilov 1996) . The first CFR is present 234 when anal and dorsal fin formation begins (approx. 300DDs) and continues until a total of 235 20-21 CFRs are present in post-hatch alevin (Gorodilov 1996) . CFRs are formed at equal 236 intervals (Gorodilov 1996), so they provide a useful indicator of developmental stage. 237
Number of CFRs present was counted under a Nikon E100 light microscope at 100x 238 magnification (Fig. 4) . 239
As alevin were removed from the system and euthanised within 12hrs of hatch, 240 variable hatch timing meant that raw biometric data could not be used to directly compare the 241 developmental state of alevin across treatments at a specified time. Therefore, work by 242 Gorodilov (1996) , who used the number of somite pairs present in the embryo as a key 243 indicator of developmental stage, was used to estimate alevin developmental state at a time 244 when all individuals had hatched. Somite pairs are formed during the division of axial strips 245 of the mesoderm (Gorodilov 1996) . After the first CFR is formed, the rate of somite pair 246 formation is directly proportional to the rate of CFR formation (1 CFR = 8.33 somite pairs). 247
The rate of somite pair formation could be estimated using the following formula: 248 lg ߬ ௧ = C + at + bt 
Statistical analysis 258
There were minimal differences between the eggs of the different maternal fish in terms of 259 their sublethal responses to the different treatments. Therefore, before statistical analysis, the 
Alevin biometrics 294
A mean value for alevin fork length, mass, number of CFRs at hatch and number of CFRs at 295 hatch completion for each treatment was calculated 296
To compare differences among treatments for all biometrics, one-way ANOVA tests 297 were used. When statistically significant (p<0.05) differences among groups were observed, 298 post-hoc Tukey's tests were conducted to determine between which treatments these 299 differences were observed. 300
All alevin biometric analysis was conducted on the statistical package SPSS 21. 301
Ethics Statement 302
The use of animals in this experiment was reviewed and accepted by the University of 303 
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Hatch Timing 308
The first egg hatched at 380DDs and the last at 526DDs. Eggs exposed to the early and 309 median sags treatment showed delayed hatch relative to the control (Fig. 5) , reflected by 310 lower incidence of hatching per 1000DD (Table 2, 3) . Similarly, alevin of the early sag 311 treatment hatched earlier than those of the chronic treatment. 312
Eggs exposed to the late sags hatched earlier than all other treatments ( Overall, the total dry body mass of post-hatch alevin was 48.17 ± 8.71mg and there 318 were no differences among treatments. 319
Mean percentage body mass differed among treatments (F(4, 908) = 139.628, 320 p<0.001). Alevin of the late sags treatment had a lower percentage body mass than those of 321 the other treatments (Table 4 ) (p<0.001 for all comparisons). Percentage body mass of the 322 control alevin was greater than the chronic (p<0.001) and median sags (p = 0.019) treatments. 323
Mean developmental state differed among treatments (F (4, 662) = 312.300, p<0.001). 324
Alevin of the control were more advanced than those of all other treatments (Table 4) Embryos exposed to the chronic treatment showed similar hatch rates to the control. 359
The oxygen content of this treatment was consistently close to the upper limits of the critical 360 levels described for Atlantic salmon (Louhi et al. 2008 ), so it is likely that this was sufficient 361 to ensure the metabolic rate was not restricted. 362
Biometrics
363
Alevin of the late sag treatment differed most from the control. They had the shortest body 364 length, the lowest level of yolk-sac absorption and the fewest caudal fin rays. By contrast, 365 alevin of the early and median sags were of similar length to the control, although they did 366 differ in terms of the other measured biometrics. 367
The finding that hypoxia in earlier stages of development had little effect on alevin 368 length at hatch contrasts with previous work (e.g. Silver et al. 1963 et al. 2008) . This is probably due to the fact that extreme hypoxia in these other 370 studies persisted for up to 7 days, much longer than the present experiment. In addition, the 371 extended incubation time of the individuals exposed to the early and median sags presumably 372 enabled compensatory growth. Alevin exposed to the late sags were smaller than their 373 conspecifics of all treatments at the time of hatch. It is likely that this is a result of a 374 combination of developmental lag caused by the earlier pulses of the sag treatment and 375 premature hatch as a result of the stress response to extreme hypoxia described above. 376
In contrast with other studies, there were no differences among treatments in terms of 377 total mass at hatch. Shumway et al. (1964) found that chronic hypoxia gave rise to alevin of 378 significantly reduced total mass. between alevin of eggs raised in hypoxic and normoxic conditions. In the study by Shumway 382 et al. (1964) , these differences may be related to the more extreme and prolonged nature of 383 oxygen depletion. However, Youngson et al. (2004) 
treatments gave rise to alevin that had a lower body mass as a proportion of total mass. This 390 effect was most pronounced in the late sag treatment. This is attributed to the fact that yolk-391 feeding fish such as Atlantic salmon distribute energy between growth and metabolism. As 392 oxygen supply is reduced, there is a shift towards less efficient anaerobic processes (Kamler 393
2008). This means that the rate of conversion of yolk sac tissue into body tissue is reduced. 394
The use of caudal fin rays as an indicator of alevin development at hatch enabled 395 observation of the extent of developmental retardation and demonstrated that, in all cases, 396 hypoxia during incubation gave rise to underdeveloped alevin. Observation of the raw data 397 suggests that the extent of developmental delay was strongest in the embryos exposed to the 398 late sags treatment. However, using formulae developed by Gorodilov (1996) , it was possible 399 to show that the degree of developmental delay was remarkably similar across all sag 400 treatments. This suggests that the primary cause of the difference in developmental state 401 between the alevin of the late sag treatment and the early and median sag treatments was 402 related to variance in hatch timing as opposed to a differential response to hypoxia at 403 different developmental stages. This finding is important as it demonstrates that oxygen sags 404 such as those caused by groundwater intrusion can impede development of Atlantic salmon 405
embryos. 406
Implications for survival 407
This study shows that Atlantic salmon embryos experiencing hypoxia during 408 incubation are likely to hatch at an unfavourable time in a sub-optimal condition. 409
Aggregation of hatch timing is an adaptive measure to limit the impacts of predation ( 
Implications for river management 471
Effective management of factors that influence groundwater-surface water interactions is 472 important to limit effects on incubating salmonids. Although groundwater upwelling is a 473 natural process, anthropogenic activity can increase its frequency and severity. For example, 474 the introduction of log steps to reduce erosion and scour can enhance groundwater upwelling 475 (Schindler Wildhaber et al. 2014) . River abstraction will reduce surface water input into the 476 hyporheic zone (Hancock 2002 ) and dredging could deepen the incubation zone relative to 477 the hyporheic zone, increasing the influence of groundwater. In addition, climate change 478 predictions suggest an increase in precipitation across much of the European range of 479
Atlantic salmon (Kovats et al. 2014) . As groundwater intrusion is most intense following 480 periods of prolonged rainfall and subsequent water table elevation, these predictions mean 481 that groundwater upwelling is likely to become more frequent during the Atlantic salmon 482 incubation period (Jackson et al. 2011) . This study has shown that low oxygen regimes similar to those caused by upwelling 490 groundwater can reduce the post-hatch fitness of Atlantic salmon. Initial observations imply 491 that this impact is strongest when hypoxia occurs at the latest stages of egg development but 492 more detailed analysis showed that one of the main driving factors behind reduced fitness at 493 hatch is deviation in hatch timing. It is likely that underdeveloped alevin hatching at a 494 suboptimal time will have poor rates of survival due to predation. This impact will be 495 enhanced at later life-stages if the developmental delays continue. However, these longer-496 term impacts require further investigation. The findings of the present study demonstrate the 497 need for a better understanding of the natural and anthropogenic controls on low dissolved 498 oxygen groundwater upwelling. 499
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Continuous
Eggs of each maternal fish were subjected to all of the treatments described. Eggs of the continuous treatments were exposed to stated oxygen concentrations throughout experiment.
For sag treatments, each pulse lasted for 24hrs and was separated by a period of oxygen recharge, also of 24hrs. The time of each oxygen pulse is given in degree days to aid identification of developmental states at which embryos were most sensitive to low oxygen levels. 
